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Many attempts to confer mechanical robustness and flexibility on transparent conducting electrodes 
(TCEs) even with large deformations have been made to date because displays, solar cells, touch screens, 
and wearable electronics have been rapidly growing on-demand. Recently, there has been interested in 
low-cost, facile, and scalable patterning methods to replace conventional indium tin oxide (ITO) 
electrodes that have complex fabrication issues and are inflexible. Here, we present a direct material 
patterning method of silver-mesh flexible transparent conducting electrodes (SMFTCEs), which can 
maintain not only constant electrical properties but also high durability against repeated mechanical 
bending regardless of substrate curvatures. Using the template-guided foaming (TGF) technique, the 
liquid-air interfaces are gradually pushed out during liquid evaporation on curved substrates, allowing 
patterning within several minutes in a single step. Then, assembling silver nanowires (AgNWs) into 
aligned 2D foam structures enables the fabrication of curvilinear conductive grids in a high-throughput 
manner. We report the low sheet resistance, high transmittance, and mechanical robustness of the 
resulting SMFTCEs against repeated bending. We demonstrated that the SMFTCEs showed comparable 
optoelectronic properties, resulting in the sheet resistance of 14.87 Ω/sq at a transmittance of 80%. In 
addition, we characterized that their mechanical flexibility is as comparable as others literature, showing 
the electrical resistance change of less than 5% for repeated bending cycles of 10,000 times with a small 
radius of curvature of 3 mm. Furthermore, we applied the direct material patterning method to various 
materials. For example, we employed a polymer solution of PEDOT:PSS and then demonstrated it can 
be printed/patterned on curvilinear substrates in the same manner as SMFTCEs. To overcome the 
limitation of patterning only when the liquid completely evaporates, we also successfully fabricated 
liquid films that secure long-term stability using oil and non-polar organic solvents. Hence, we believe 
that our study could provide a novel fabrication strategy and show high potential for flexible electronics 
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Chapter 1. Introduction 
 
1.1 Microfluidic approaches through micro-/nanoscale patterning 
 Liquid has the property of deforming when force is applied from the outside. Efforts have been made 
to apply these liquids to microfluidics by engineering them into the desired shape1, 2. Recently, as the 
technology of micro-/nano fabrication and technology advances, researches on applying to patterning 
using interfaces while controlling the shape and shape of liquids are increasing3-6. There was a case of 
developing a technology to increase resolution compared to cost by combining the advantages of soft 
lithography, bottom-up approach, and microfluidic manipulation, and also developed a method to 
maximize the merits of liquid-mediated patterning by increasing both throughput and applicability7, 8. 
For example, Juyeol Bae et al. developed a membrane-assisted micro-/nanofluidic liquid-mediated 
patterning technology. Liquid patterning using a microfluidic device allows the evaporation of a liquid 
to occur naturally through micro-holes in the device and allows the evaporating liquid to be fixed to the 
micro-posts to form a two-dimensional film9. 
 
Figure 1. Characteristics according to the type of micro-/nanofluidic liquid-mediated patterning. (a) 
List of techniques for forming micro-/nano scale patterns. (b, c) Characteristics of micro-/nanofluidic 
liquid-mediated patterning. Represents resolution according to cost and applicability according to 
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throughput. (d) Three types according to the interface of the liquid form. Figures were adapted from 
Bae et al.10.  
 
1.2 A general patterning approach to control two-dimensional liquid foam in 
microfluidic systems 
Ostwald ripening occurs frequently in gas-liquid foams on microfluidic platforms, whereby larger 
particles consume smaller particles around them. There have been previous studies such as the use of 
external fields of temperature or magnetism to manipulate the Ostwald ripening of gas-liquid foams in 
microfluidic systems, and the use of foam stabilizers of nanoparticles, proteins, and surfactants11-15. 
However, since these methods only attenuated the gas diffusion between the two-dimensional liquid 
foam, a strategy for placing micro-/nano structures on the substrate was proposed to efficiently control 
Ostwald ripening. By placing the posts on the substrate, the two-dimensional liquid foam was prevented 
from growing indefinitely, and the radius of curvature of the foam could be manipulated. It was also 
possible to ensure liquid patterning by causing reverse Ostwald ripening, in which liquid foams 
selectively evolve towards foams with a larger radius of curvature. Therefore, through the Ostwald 
ripening control based on the curvature of the two-dimensional liquid foam, the understanding of the 
2D foam network in the microfluidic device for high-precision patterning was further improved and the 
assembly of functional materials was possible. 
 
Figure 2. The working principle of patterning in a hexagonal array of 2D liquid foams using the Ostwald 
ripening phenomenon. (a) The process of formation of a two-dimensional liquid foam on a substrate 
with a post. (b) Liquid foam formed uniformly using reverse Ostwald ripening on a substrate with posts 
and liquid foam with defects. Figures were adapted from Huang et al.3. 
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1.3 Water-mediated patterning using microfluidic devices 
 Liquid-mediated patterning is a technique that has become increasingly popular in recent years. There 
are research cases in which patterning can be performed based on water, or patterning based on organic 
materials has expanded the field of application16-18. In water-based patterning, liquid patterning could 
be done easily and simply by sweeping motion on a micropillar substrate. In addition, micro-holes and 
micro-posts were designed for large area patterning using properties such as surface tension and 
evaporation rate of water. By placing micro-holes on the substrate, the Ostwald ripening phenomenon, 
in which large liquid foam consumes surrounding smaller liquid foam, could be eliminated. The micro-
holes convert the closed system microfluidic device into an open system to evaporate water, and the 
micro-posts allow liquid patterning to be performed while allowing the evaporating water to be fixed 
to the posts. By diluting materials such as particles, polymers, and nanowires in water to a certain 
concentration and then patterning them in a chip, micro-/nano scale solidified films can also be formed19. 
In this dissertation, flexible conductive films were developed by mixing silver nanowires in water. 
 
Figure 3. Patterning using water in microfluidic devices. (a) Liquid patterning on microstructured 
surfaces. After infiltration, droplets are confined within the microstructured area. (b) By arranging 
micro-holes and micro-posts, Ostwald ripening phenomenon is excluded and plateau's law is applied. 
Figures (a) and (b) were adapted from Park et al.20 and Bae et al.21, respectively. 
 
1.4 Liquid film patterning based on O/W emulsion 
 Patterning has been mainly done using only water or organic materials, but some studies have 
conducted patterning using both water and oil at the same time22-24. When patterning was performed 
using only one material, there was a limit to the range of application. To compensate for this limitation, 
studies are being conducted using the new properties of emulsion, which is a mixture of two liquids. 
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O/W emulsion was used to fabricate porous membranes with omniphobic surfaces with liquid 
repellency, and O/W emulsion was also used for phase separation patterning, liquid directional transport, 
and block polymer patterns. Liquid films with liquid/air interfaces can be interesting research subjects 
in the field of droplet interfaces using interfacial materials such as liquids. Liquid films on microfluidic 
platforms have high aspect ratio characteristics, and if durability in the liquid state is guaranteed, there 
is potential for applications in the electronics industry such as flexible transparent electrodes. Therefore, 
we intend to develop a technology for producing a liquid film having an air/oil interface using oil, 
organic solvents, and heat, and experimented to determine the appropriate conditions. 
 
Figure 4. Two examples of patterning using O/W emersion. (a - d) When the emulsion is deposited, the 
solvent evaporates rapidly and self-assembly of the droplet creates a porous PVA membrane. (e, f) O/W 
emersion patterning on substrates with pillars. Due to the difference in the evaporation rate of the two 
liquids in the emulsion, the emulsion breaks, and polymer patterns are formed according to the 
distribution of the pillar units on the substrate. Figure (a)-(d) and (e)-(f) were adapted from Zhu et al.25 
and Li et al.26, respectively. 
 
1.5 Capillary-bridge printing technology using organic semiconductor 
materials 
Previously, water-based and oil-based patterning techniques were introduced, and organic material-
based patterning has great potential in electronic applications27. An organic semiconductor single crystal 
array can be fabricated by using organic materials instead of water. A 1D single-crystal array can be 
made using a template with a flat substrate and micropillars. After the organic solvents evaporate, an 
isolated liquid film is formed on the capillary bridges on the micropillars. In this way, organic 1D single 
crystal arrays can be fabricated by a capillary-bridge lithography method. As another example, to 
control the dewetting process of an organic semiconductor solution, large-scale polymer 1D arrays can 
be patterned using a capillary-bridge-based technique through a device having a micro-post structure28-
5 
 
30. It can function as micro-/nano arrays in the electronic and optical fields with facile and highly 
efficient patterning techniques using organic materials31. Here, using positive and negative photoresist, 
a patterning technique for solidified photoresist films, which will be used for future organic 
semiconductor applications, was developed. 
 
Figure 5. Patterning using a microfluidic platform and organic materials. (a) Fabrication of organic 
single-crystal array based on capillary-bridge lithography using organic material. (b) Schematic of 
capillary-bridge printing technology to make 1D polymer arrays. The liquid film emerging from the 
layer of polymer solution between the micro-posts and the substrate is dewetted into individual capillary 
bridges under the guidance of the micro-posts to form a 1D array after evaporation of the solvents. 
Figures were adapted from Feng et al.32. 
 
1.6 Patterning of flexible transparent conducting electrodes using template-
guided foaming technology 
Flexible transparent conducting electrodes (FTCEs) are essential components in a wide range of 
electronic research fields such as wearable devices33, solar cells34-36, organic light-emitting diodes 
(OLEDs)37, touchscreens38-40 and displays41 due to their outstanding electrical characteristics and 
flexibility, and portability. There have been research results of applying nanowires as electrodes after 
patterning conductive materials on flat substrates such as capillary printing and nanodrip printing42, 43. 
In the conventional method of patterning an electrode using flat substrates, indium tin oxide (ITO) has 
been widely used as a transparent electrode in the commercial fields mentioned above44. However, the 
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scarcity of indium, the high cost, especially the high brittleness of the ITO electrodes, which easily 
crack even when exposed to moderate mechanical stress, limits their application to flexible devices45. 
In addition, since the demand for wearable devices that are lightly portable while having high durability 
is increasing, there have been efforts to pattern transparent electrodes on curved substrates46, 47.  
  
Figure 6. Nanowire patterning using a microfluidic platform. (a) Schematic of the formation of 
unidirectional silver nanowire arrays using nanopatterned PDMS based on the capillary alignment 
principle. (b) High-aspect ratio patterning scheme based on electrohydrodynamic nanodrip printing, and 
printed gold and silver patterning. Figure (a) and (b) were adapted from Kang et al.42 and Schneider et 
al.43, respectively. 
For these reasons, including the technology of obtaining a single metal wire network by forming a 
crack template on transparent substrates to fabricate FTCEs48, carbon nanotubes (CNTs)49, 50, metal 
nanowires51-53, graphene54-56, silver nanowires (AgNWs)57, 58, Copper nanowires (CuNWs)59-62, and 
other conductive materials have been used as alternatives to ITO63-65. And after patterning on substrates 
such as glass, quartz, and polyethylene terephthalate (PET), there have been preliminary studies to 
demonstrate electrical and mechanical properties through bending and tensile tests66-68. However, due 
to the limitations of standard lithography processes based on two-dimensional (2D) substrates, the 
potential for direct patterning of curved substrates remains challenging. In particular, high-cost and 
time-consuming technology issues are more critical when applied to the wearable electronics industry69.  
Therefore, direct patterning on three-dimensional (3D) substrates is simple and exhibits a high 
throughput of the electrode patterns, and can address the weaknesses of the technology that requires 
large equipment. As a promising candidate, our group has developed a technology called “template 
guided foaming” (TGF) based on the liquid-mediated patterning (LP) approach that allows for mixed 
scale micro-/nano 3D conformal printing with facile and simple steps. In addition, in TGF technology, 
the monolithic design of the mold including through-hole and post arrays is not only flexible but also 
has high mechanical strength due to the OSTEMER having Young's modulus value of 1000 MPa70, 71. 
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And due to the chemical resistance of OSTEMER, there are no restrictions on the use of aqueous 
materials such as perovskite, photoresist, and organic semiconductors72-74. In a previous study, silver 
nanoparticle grids were directly patterned on substrates having various Gaussian curvatures using TGF 
technology, and sheet resistance changes according to curvature were measured75. However, to apply 
this technology to a wearable device, it must be proved that the sheet resistance value must be constant 
even when patterning on substrates having a certain curvature, and conductivity is recovered even when 
repeated bending is applied76. Since studies related to the reduction of the sheet resistance difference of 
the metallic grids network according to the curvature of the substrates and the degree of fatigue of the 
generated grids are insufficient, there is a need for another improved method.  
  
Figure 7. Silver nanoparticle grids patterned on curved substrates using TGF technology. (a) Actual 
images of patterned silver nanoparticle grids on glass vials, and scanning electron microscope (SEM) 
images. (b) Change in sheet resistance according to the radius of curvature of the patterned substrate. 
When the radius of curvature was less than 10 mm, the sheet resistance increased rapidly. Figures were 
adapted from Bae et al.75. 
In this work, we adopted the TGF technology to demonstrate the function of FTCEs with constant 
sheet resistance values regardless of the curvature of patterned substrates and high durability against 
repeated bending. First, to form conductive grids, microfluidic devices with through-holes that induce 
evaporation of the liquid, and posts in which the evaporating liquid is fixed to form regular films were 
fabricated. Then, we patterned the electrodes in the form of grids on curved substrates using AgNWs 
dispersion, and characterized the electrical properties according to the curvature and bending degree of 
the substrates. Also, electrodes were patterned on curved substrates using PEDOT:PSS, which is a 
conductive polymer, and electrical properties according to the curvature or degree of bending of the 
substrates were characterized in the same manner as the AgNWs electrodes. The advantage of LP is 
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that a variety of solutions can be used. Until now, FTCEs were produced using a dispersion containing 
water, and a method that could function as electrodes by forming liquid films using oil instead of water 
was also studied. To overcome the limitation of patterning electrodes using only the water-containing 
dispersion, liquid films were formed using oil instead of water77, thereby presenting the potential to 
expand the range of next-generation electronic applications. 
  
Figure 8. Materials, technologies, and applications to replace ITO electrodes with weak flexibility. (a) 
Schematic and working principle of CuNWs touch screen fabricated by spray deposition of copper 
nanowires. (b) CuNWs touch screen applied as an LED array. (c) Structural alignment of hierarchical 
metal grid patterns on PET substrates by using near-field photolithography with transparent PDMS as 
photomasks. (d) Hierarchical metal grid electrodes that retain LED light even under external stress such 
as bending. Figures (a, b) and (c, d) were adapted from Chu et al.39 and Li et al.41, respectively. 
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Chapter 2. Fabrication of through-hole and post arrays using 
microfluidic technology 
 
2.1 Reagents and materials 
Polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning), off-stoichiometry thiol-ene polymer resin 
(OSTEMER 322 Crystal Clear, Mercene Labs), Poly(vinyl alcohol) (PVA; Mw 89,000-98,000, 99+% 
hydrolyzed, 341584, Sigma Aldrich) were used to fabricate the through-hole and post arrays. 
Chlorotrimethylsilane (TMSCI; 386529, Sigma-Aldrich), Trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (PFOCTS; 448931, Sigma-Aldrich) were used for surface modification of 
through-hole and post arrays. Silver Nanowires Dispersions (20 nm x 20 μm, Novarials) and Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS; Sigma Aldrich) were used as provided 
by the manufacturer. Sodium dodecyl sulfate (SDS; ACS reagent, ≥ 99.0%, Sigma-Aldrich) and was 
used as a surfactant at a concentration of 0.05%. Hexadecane (anhydrous, ≥ 99%, 296317, Sigma-
Aldrich), Hexane (anhydrous, 95%, 296090, Sigma-Aldrich), Octane (anhydrous, ≥ 99%, 296988, 
Sigma-Aldrich), Toluene (anhydrous, 99.8%, 244511, Sigma-Aldrich) were used to fabricate liquid 
films in through-hole and post arrays. CdSe/ZnS Quantum Dots (powder, hydrophobic, 630 ± 5 nm λ, 
PlasmaChem) were added to non-polar organic solvents to investigate the structure of liquid films. 
 
2.2 Fabrication of molds with through-hole and post arrays 
 We adopted the previously reported method to fabricate mold with through-hole and post arrays78. A 
SU-8 master mold was required to fabricate microfluidic devices, and a standard photolithography 
process was used (Figure 9). A negative photoresist (SU-8 2050, Kayaku Advanced Materials) was spin-
coated onto a silicon wafer to a height of 50 μm and then soft baked. After exposure to UV light using 
a photomask and mask aligner (MA6, SussMicroTec), a post-exposure bake process is performed. 
Before applying the photoresist for the second layer, HMDS (HMDS; 440191, Sigma-Aldrich) was 
spin-coated to increase the adhesion between the wafer and the photoresist and then soft-baked. The 
second layer was spin-coated to a height of 25 μm using a photoresist (SU-8 2025, Kayaku Advanced 
Materials) and soft baked. After UV light exposure using a second photomask and mask aligner, a post-
exposure bake was performed, and after that, it was immersed in SU-8 developer (Kayaku Advanced 
Materials) to remove the unexposed photoresist. After the hard-baked of this wafer, the 
photolithography process was completed. To obtain a PDMS mold, PFOCTS was used to chemically 
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functionalize the SU-8 master mold surface into a hydrophobic surface. For the soft lithography process, 
the 10:1 mixing ratio solution of the PDMS base and curing agent was degassed in a vacuum for 30 
minutes. The PDMS mixture was poured into the SU-8 master mold and then cured in a 65 ℃ oven for 
3 hours. The replicated PDMS mold was detached from the SU-8 mater mold, and the surface was 
chemically functionalized using TMSCI. To fabricate the OSTEMER membrane with through-hole and 
post arrays, the replicated PDMS mold was detached from the SU-8 master mold and chemically 
functionalized with a hydrophobic surface using TMSCI. A water-soluble sacrificial layer was created 
by spin coating with PVA on the glass, and a PDMS mold was placed on it. Then, to generate negative 
pressure in the microchannel between the PDMS mold and the water-soluble sacrificial PVA layer on 
the glass, the air in the PDMS mold was degassed by placing it in a vacuum state, and OSTEMER resin 
was injected through the inlet hole. By van der Waals interaction, the PDMS mold and the water-soluble 
sacrificial PVA layer on the glass remained in contact while the OSTEMER resin was loaded. After 
loading was completed, the OSTEMER resin was solidified by placing it in UV light of 365 nm 
wavelength for 5 minutes. The PDMS mold was detached, and it was reusable. The solidification of the 
OSTEMER resin was completed by placing it in a 90 ℃ oven for 3 hours. The sacrificial PVA layer 
was dissolved in deionized water to detach the through-hole and post arrays membrane from the glass. 
 
Figure 9. Fabrication process of the microfluidic platform for through-hole and post arrays. (a) 
Schematic of photolithography for fabricating SU-8 master mold and soft lithography process for 
fabricating PDMS mold. (b) Schematic of fabrication of OSTEMER membrane with through-hole and 
post arrays from PDMS mold. 
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2.3 Experimental setup 
 An inverted fluorescence microscope (IX71, Olympus Corp.) equipped with a charge-coupled device 
camera (Clara Interline CCD, Andor Technology Ltd.) was used to observe and analyze the liquid 
patterning process. The microscope was automated using a motorized stage (BioPrecision2), motorized 
focus controller (99A400), and controller system (MAC 6000) manufactured by Ludl Electronic 
Products. To control atmospheric conditions, a customized humidity/temperature controlling system, 
comprising solenoid valves (S10MM-20-24-2, Pneumadyne Inc.), a humidity/temperature sensor 
(SHT15, Sensirion), and a microcontroller board (Arduino Uno R3, Arduino cc.) were programmed 
using LabVIEW software (National Instruments Corp.). During experiments using this microscope, 
images were captured using imaging software (MetaMorph v7.8.10.0, Molecular Devices). The 
fluorescence intensities of the images were quantitatively analyzed using Image J (National Institutes 
of Health, Bethesda). The normalized fluorescence intensities were shown as graphs using OriginPro 
2020 software (OriginLab Corp.). High-resolution SEM images were taken by a field emission scanning 
electron microscope (FE-SEM; S-4800, Hitachi) by sputtering a 2 nm platinum layer on the surface of 
the through-hole and post arrays. UV–Vis-NIR spectrophotometer (Cary 5000, Agilent) was used to 
measure the transmittance of the AgNWs grids and PEPOT:PSS grids. A confocal microscope (LSM 
780 NLO, Carl Zeiss) was used to observe the shape of liquid films in the membrane. Images from this 
microscope were captured and analyzed in ZEN software (Carl Zeiss).
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Chapter 3. Structural optimization of patterning AgNWs grids 
 
3.1 Working principle of patterning AgNWs grids 
The height of the through-hole and the post of the device is 50 μm and 25 μm, the diameter is 60 μm 
and 30 μm, respectively, and the spacing between the posts is 40 μm. Figure 11 illustrates the process 
of patterning AgNWs grids onto the substrates, including the following simple steps: (ⅰ) pipetting an 
AgNWs dispersion drop onto the substrate and laying the OSTEMER membrane on it so that the drop 
can spontaneously spread; (ⅱ) patterning aligned AgNWs grids in a single step; (ⅲ) removing the 
OSTEMER membrane. In step (ⅰ), The AgNWs dispersion spontaneously spreads into all spaces under 
the membrane with through-hole and post arrays. 20 mg/mL of 20 nm x 20 μm AgNWs dispersion was 
pipetted onto the substrates and the membrane was placed on it. Surfactants were added to the solution 
to balance Laplace pressure and disjoining pressure so that the liquid films were maintained at the 
nanoscale without rupturing. Then, the AgNWs dispersion spreads simultaneously throughout the 
membrane and causes capillary alignment.  
 
Figure 10. Schematic of the structure of through-hole and post arrays. Through-hole and post arrays 
structure attached to a substrate in a three-dimensional view. The posts are in contact with the glass, and 




Figure 11. Schematic of the process of directly patterning AgNWs onto substrates. The process and 
results of patterning conductive grids on substrates. The scanning electron microscope (SEM) image 
shows the resultant AgNWs grids after sintering the 20 nm x 20 μm silver nanowires assembled in step 
ⅲ. The scale bar is 20 μm. 
In step (ⅱ), the evaporation of AgNWs is completed in about 3 minutes by numerous through-holes, 
and AgNWs grids ordered by posts are patterned (figure 12, right). Even if the basic unit of the 
membrane consisting of through-hole and post arrays is scaled up in a large area, the evaporation flux 
per unit is the same, so the evaporation is completed within 3 minutes by the same patterning method. 
As a result, AgNWs are assembled in a nanoscale liquid foam structure, forming AgNWs patterns. The 
difference from the line-structured grids in which AgNPs were assembled in previous work is that 
AgNWs are assembled into mesh-structured grids due to the much longer and thinner wire types. In 
step (ⅲ), when evaporation is complete, the membrane is removed. Silver-mesh flexible transparent 
conducting electrodes (SMFTCEs) are easily bent, and AgNWs grids are patterned on a 0.8 cm x 0.8 
cm scale (Figure 12, left). Even if the membrane was bent to curved substrates, the internal structures 




Figure 12. Real images of AgNWs patterned devices. Demonstration of step ⅱ in Figure 8. The 
schematics depict a cross-sectional side view through a dotted line in optical images. Optical images 
show the process of patterning AgNWs grids as the aqueous solution evaporates after injection of 
AgNWs dispersion. 
 
3.2 Structural optimization of patterning AgNWs grids 
We investigated the optimal conditions under which AgNWs grids are patterned. Initially, we observed 
the resultant structures of AgNWs grids based on possible patterning conditions (Figure 13). Figure 13 
shows the geometrical changes of patterned grids based on the type of substrates used. We patterned 20 
mg/mL AgNWs dispersion on polycarbonate (PC), polyethylene terephthalate (PET), and glass, among 
those commonly used as materials for transparent conducting electrodes in recent years. We used two 
types of PET and glass with different contact angles. Approximately, when the contact angle was in the 
hydrophobic region, the AgNWs gathered between the posts, stably generating grid networks. When 
polycarbonate with a high contact angle was used as the substrate, the AgNWs grids were uniformly 
and densely agglomerated. When PET with a high contact angle was used, the grids were relatively less 
agglomerated to the center, and when using PET with a low contact angle, the grids were formed evenly, 
but the density was low. Then, when glass was used, the grids were not well agglomerated and scattered 
regardless of the contact angle. AgNWs grids patterned on polycarbonate are thin and flexible, suitable 
for bending, and have also proven their function as optoelectronic devices with the results of 




Figure 13. Characterization of the formation of AgNWs grids. Structures of AgNWs grids according to 
the type of substrates. Droplet images according to the contact angle values of the substrates, and SEM 
images of AgNWs grids patterned accordingly. The scale bars are 100 μm (middle) and 20 μm (bottom). 
 And then, we were able to change the width of the grids by adjusting the AgNWs dispersion 
concentration (Figure 14a and 14b). SEM images were taken after patterning with different 
concentrations of AgNWs dispersion on polycarbonate. Then, the widths of each AgNWs grid at 5 
different locations were measured, and the average value and standard deviation of the widths of the 
grids were calculated (i.e., N = 15). When the concentration varied from 5 mg/mL to 40 mg/mL, the 
width of the grids ranged from 1 μm to 8 μm. Due to efforts to reduce the width of the patterned AgNWs 
grids, the concentration was reduced to 5 mg/mL, but rather, there were quite a lot of AgNWs grids that 
were lost, and the resulting sheet resistance value also increased significantly. In addition, we observed 
conditions in which AgNWs grids were not scattered while keeping other geometrical parameters 
constant and varying the distance between posts (Figure 14c). When the distance between posts was 







Figure 14. (a, b) Images of width change of AgNWs grids according to the concentration of AgNWs 
dispersion (N = 15 from 5 different locations of 3 different grids for the average value with standard 
deviation). Scale bars are 5 μm. (c) Improved patterning images of AgNWs gird by adjusting the 
distance between posts. The diameters of posts are both 30 μm, and the distances between the top and 
bottom images are 40 μm and 50 μm, respectively. Scale bars are 100 μm. 
 
3.3 Conductivity change with curvature and electrical resistance to external 
pressure of patterned AgNWs grids 
We investigated the electrical properties according to the degree of bending of AgNWs grids patterned 
on substrates with various curvatures (Figure 15). Figure 15a shows the sheet resistance of SMFTCEs 
patterned on polycarbonate according to the concentration of AgNWs dispersion. Patterned AgNWs 
grids improved conductivity by annealing at 160 °C for 2 hours to remove insulating surfactants around 
AgNWs. At concentrations lower than 10 mg/mL, the density and cohesion of the mesh-structured 
AgNWs grids decreased, resulting in a significant increase in sheet resistance. To investigate the 
electrical properties of curved AgNWs grids, we patterned 20 mg/mL of AgNWs dispersion on 4 
different curvature substrates (Figure 15b). The sheet resistance values after patterning on substrates 
having a curvature ranging from 0 to 0.14 𝑚𝑚  ranged from 27.47 to 29.95 Ω/sq, and there was no 




Figure 15. Characterization of sheet resistance measurements and bending tests of patterned AgNWs 
grids. (a) The sheet resistance according to the concentration of AgNWs dispersion. (b) Sheet resistance 
of AgNWs grids patterned on substrates with various curvatures. 
We characterized the sheet resistance of AgNWs grids patterned on substrates with various curvatures 
when bent at different curvatures (Figure 16a). We first demonstrated that the conductivity changes only 
by curvature, regardless of the direction in which the hexagonal grid array is bent horizontally or 
vertically. When the AgNWs grids patterned on flat substrates were bent to a 0.33 𝑚𝑚  curvature, 
there was an increase in sheet resistance of about 12%. And when the AgNWs grids patterned at 
curvatures of 0.06 𝑚𝑚  , 0.10 𝑚𝑚  , and 0.14 𝑚𝑚   were bent to 0.33 𝑚𝑚  , the sheet 
resistance increased by about 6%. And, it is remarkable that the conductivity increases when the 
SMFTCEs are bent with a negative curvature in the opposite direction based on the initial curvature. 
The reason is that when bending with positive curvature, the grids of the mesh structure are wide open, 
resulting in a decrease in conductivity, and when bending with negative curvature, the grids become 
closer to each other, increasing the conductivity. Inferring from these results, it can be seen that fewer 
conduction losses occur when bending the curved AgNWs grids than in the flat state. We measured the 
change in conductivity through the bending test to investigate the durability of the SMFTCEs (Figure 
16b). When bending was repeated 10,000 times with a bending radius of 3 mm, the change in resistance 
increase ranged from 3 to 4% regardless of the initial curvature of the grids. Analyzing these results, it 
was concluded that the durability of SMFTCEs was excellent because there was little change in 
conductivity even when the number of bending cycles increased. In addition, since the curvature of the 
initial state becomes self-recovery even with repeated bending, it can be applied as a wearable bending 
sensor that detects a change in sheet resistance according to the curvature. The previous results reveal 
that if SMFTCEs are applied as a bending sensor attached to a finger, the change in sheet resistance can 
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be stably checked even if the radius of curvature is low and repeatedly moves regardless of the direction 
of motion of the finger. 
 
Figure 16. (a) Measurement of sheet resistance change when AgNWs grids patterned on substrates of 
various curvatures were bent over substrates of different curvatures. The gray dotted line represents the 
flat state. (b) Fatigue testing through repeated bending of patterned AgNWs grids on substrates with a 
bending radius of 3 mm.
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Chapter 4. Patterning of FTCEs using conductive polymers 
 
4.1 Patterning of flexible transparent conducting electrodes using conductive 
polymer PEDOT:PSS 
Polymer flexible transparent conducting electrodes (PFTCEs) were formed by patterning with 
conductive polymer PEDOT:PSS, and the structure and electrical properties were characterized in the 
same manner as SMFTCEs (Figure 17). PEDOT:PSS grids were patterned with the TGF technology 
used in SMFTCEs, and SEM images were taken to investigate the structure according to the 
concentration of dispersion. At 5 mg/mL, uniform and thin grids were patterned. At concentrations less 
than 5 mg/mL, the grids became thinner, but the connection was frequently broken, while at higher 
concentrations, tearing occurred as the width and height of the grids increased.  
 
Figure 17. Characterization of the structure of conductive grids using PEDOT:PSS. SEM images of 
conductive grids according to the concentration of PEDOT:PSS dispersion. The scale bars are 100 μm 
(top) and 20 μm (bottom). 
 
Figure 18. Polymer grids patterned using PEDOT:PSS at a concentration of 5 mg/mL (left), and 
polymer grids after OSTEMER was removed from the substrate (right). 
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4.2 Conductivity change with curvature and electrical resistance to external 
pressure of patterned PEDOT:PSS grids 
The conductivity and resistance to external pressures of PEDOT:PSS grids were tested to demonstrate 
that PFTCEs also exhibited the same trends as SMFTCEs (Figure 19). At a concentration of 10 mg/mL 
or more, the conductivity was non-uniform because the PEDOT:PSS grids were also frequently torn off 
when the OSTEMER membrane was removed from the substrate. On the other hand, at a concentration 
of 1 mg/mL, the grids were uniformly patterned, but the conductivity was poor because they were too 
thin. At the concentration of 5 mg/mL, the structurally stable grids of the line structure were uniformly 
patterned and the conductivity was relatively stable, so subsequent experiments were conducted at this 
concentration. The sheet resistance of the flat PEDOT:PSS grids was 1944 Ω at 5 mg/mL, and there 
was no significant difference even when patterned with different curvatures. 
 
Figure 19. Characterization of the electrical properties of conductive grids using PEDOT:PSS. (a) Sheet 
resistance according to the concentration of PEDOT:PSS dispersion. (b) The sheet resistance of 
PEDOT:PSS grids patterned on substrates with various curvatures. 
Notably, unlike mesh-structured AgNWs grids, line-structured PEDOT:PSS grids lost their 
conductivity in both cases of outer or inner bending based on the initial curvature, and the sheet 
resistance increased up to 10% when bent 10,000 times with a curvature of 3 mm (Figure 20). 
PEDOT:PSS grids were also patterned with TGF technology and were proven to be transparent and 
flexible, but the conductivity versus transmittance was inferior to AgNWs grids (Figure 21). This study 
offers a new perspective by focusing on the ability to pattern in the same way and observe a variety of 




Figure 20. (a) Measurement of sheet resistance change when PEDOT:PSS grids patterned on substrates 
of various curvatures were bent over substrates of different curvatures. The gray dotted line represents 
the flat state. (b) Fatigue testing through repeated bending of patterned PEDOT:PSS grids on substrates 
with a bending radius of 3 mm. 
 
4.3 Characterization of the transmittance of SMFTCEs and PFTCEs 
AgNWs and PEDOT:PSS grids patterned on polycarbonate are thin and flexible, suitable for bending, 
and have also proven their function as optoelectronic devices with the results of transmittance versus 
dispersion concentration (Figure 21). Figure 21a depicts SMFTCEs and PFTCEs obtained with 5 μL 
AgNWs dispersion of 20 mg/mL and 5 μL PEDOT:PSS dispersion of 20mg/mL on polycarbonate 
substrates, respectively. We investigated the percent transmittance of SMFTCEs and PFTCEs in the 
visible range of 400-800 nm. As a result of measuring the transmittance of SMFTCEs, a transmittance 
of 80-92% was obtained at a wavelength of 550 nm while maintaining the conductivity (Figure 21b). 
And, PFTCEs obtained a transmittance of 77-94% at a wavelength of 550 nm while maintaining 
conductivity (Figure 21c). These results indicate that both SMFTCEs and PFTCEs have achieved 
appropriate transparency in the concentration range used and that the sub-micron grid networks are well 
aligned. SMFTCEs maintain conductivity and transparency at a concentration of 20-40 mg/mL of 
AgNWs dispersion, and PFTCEs maintain conductivity and transparency at a concentration of 5 mg/mL 
of PEDOT:PSS dispersion. Therefore, combining a suitable conductive material with TGF technology 
not only allows direct patterning of the material in a single step on various curvature substrates but also 




Figure 21. Comparison of transmittance of SMFTCEs and PFTCEs fabricated by the TGF technology. 
(a) Real images of SMFTCEs patterned with 20mg/mL AgNWs dispersion (top) and PFTCEs patterned 
with 5mg/mL PEDOT:PSS dispersion (bottom). (b) Optical transmittance over the visible spectrum of 
the SMFTCEs for various concentrated solutions. (c) Optical transmittance over the visible spectrum 
of the PFTCEs for various concentrated solutions. The substrate was used as a reference.
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Chapter 5. Patterning liquid films for the potential of next-
generation wearable systems 
 
5.1 The structure and working principle of oil-based patterning  
Liquid-mediated patterning technology has the advantage of being able to use various solutions. In 
addition to evaporation of water at room temperature, patterning using the boiling point of the solution 
is possible under various temperature conditions. As a preliminary study for the possibility of FTCEs 
with high electrical properties, the patterning of flexible and highly durable liquid films was 
characterized according to temperature conditions and the type of solvent. Figure 22 illustrates the 
process after injecting a mixture of oil and non-polar organic solvents into the membrane for liquid film 
patterning. The through-hole makes the microfluidic device an open system and naturally induces the 
evaporation of the liquid. As a result, Ostwald ripening phenomenon, in which large air bubbles absorb 
small air bubbles, was excluded79. Then, the evaporating liquid is fixed to the posts and the liquid films 
are patterned. The thickness of the liquid films can be adjusted according to the solution used.  
 
Figure 22. Schematic of the working principle and formation process of liquid films. Schematic of the 
formation process of liquid films and images taken under a microscope. As non-polar organic solvents 
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in the mixture of injected oil and solvents evaporate, the remaining oil forms liquid films. The red "t" 
represents the thickness of the liquid film. Scale bars are 120 μm. 
To derive the mechanism for the thickness of the film formed by the liquid foam between the air-oil 
interface, by the following equations: 
 32 1,2
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   (1) 
where 𝑥  is the liquid film thickness, 𝛾 is the surface tension, 𝜂 is the viscosity, ℎ is the liquid film 
height, and 𝑓  is the evaporation rate80. To understand the shape of liquid films, the images were 
taken with a confocal microscope by injecting fluorescent quantum dots (Figure 23). After dissolving 
in octane at a concentration of 4 mg/mL, mixed with hexadecane at a ratio of 9:1, it was injected into 
the membrane. When observed with a confocal microscope, when the magnification was increased in 
the middle part of the liquid films, it has a concave shape inward. Two methods were used to pattern 
liquid films within the membrane. First, as a method using heat, hexadecane is injected into the 
membrane, and then the high temperature was applied to the membrane with a hot plate to induce 
evaporation of hexadecane to form liquid films. When the membrane was filled with hexadecane, the 
heat was applied to gradually induce the evaporation of hexadecane, and liquid films with oil/air 
interfaces were formed as the air was filled from the posts.  
 
Figure 23. Images were taken with a fluorescence microscope (left), images were taken with a confocal 
microscope (center), and a 3D schematic (right). CdSe/ZnS Quantum Dots were dissolved in octane at 






5.2 Patterning methods and thickness characterization of liquid films  
We characterized the ability to control the thickness of liquid films by controlling the temperature and 
time applied to the membrane (Figure 24a and 25a). Here, the change in the thickness of the liquid films 
according to the applied temperature was measured while changing the temperature under the 
membrane to 70, 80, 100, and 130 ℃. Then, the membranes were heated at 100 °C for different times 
to form liquid films of 4 different thicknesses, and left at room temperature to demonstrate long-term 
stability (Figure 24b and 25b). 2 liquid films with a thickness of 3-4 μm were maintained until Day 8, 
liquid films with a thickness of 2 μm were maintained until Day 7, and liquid films with a thickness of 
fewer than 1 μm were maintained until Day 3. Second, as a method of using non-polar organic solvents, 
a mixture of hexadecane and non-polar organic solvents is made (1:6 - 1:35). Then, after injecting a 
mixture having a specific ratio into the membrane, the remaining hexadecane formed liquid films as the 
non-polar organic solvents evaporated.  
 
Figure 24. (a) Images showing the change in thickness of liquid films at 70 ℃. (b) Images of the 




Figure 25. Characterization of the patterned thickness of liquid films using two methods. (a) 
Characterization of the change in thickness of liquid films when 4 temperatures (70 ℃, 80 ℃, 100 ℃, 
130 ℃) were applied to the through-hole and post arrays membrane. (b) Characterization of durability 
when applied to 100 ℃ of liquid films of 4 different thicknesses. 
We also characterized the thickness of liquid films by controlling the ratio of oil to non-polar organic 
solvents (Figure 26a). When the ratio of hexane was 9 times higher, it was maintained until Day 6, and 
when the ratio of hexane was 25 times higher, liquid films were maintained for more than Day 3 (Figure 
26b). In the case of hexane, not only could liquid films be patterned by injecting a mixed solution having 
a ratio of various ranges, but also liquid films having various thicknesses of 1 to 4 μm could be formed. 
In addition, patterned liquid films secured long-term stability, and liquid films having a thickness of 
about 500 nm were maintained for more than Day 3. Liquid films patterned with toluene and octane 
were less secure than hexane (Figure 27). Therefore, if the criteria for selecting non-polar organic 
solvents are the degree to which the thickness of liquid films can be controlled and durability, liquid 
films formed using hexane are suitable for later applications. Using hexane, defects in patterned liquid 
films were also characterized by varying the parameters of through-hole and post in the membrane 
(Figure 29). The patterning of the liquid films was performed on a flat substrate, as the substrate had 
little effect on whether it was flat or curved (Figure 28). Oil films patterned on flat substrates were 
maintained even when bent to a radius of curvature of 3 mm. Liquid films have a much higher aspect 
ratio compared to solid grids and demonstrated high flexibility and flexural strength. Therefore, if self-
assembly of conductive material is additionally performed, it can be applied as a new concept electrode 
with increased conductivity. In addition, we also patterned solid organic films with a high aspect ratio 
using photoresist and toluene. Since organic films have a higher aspect ratio than SMFTCEs and more 
durable than liquid films, they have sufficient potential as a part of future electrode development using 




Table 1. Non-polar organic solvents used in the experiment. These organic solvents mix well with 
hexadecane and do not damage the post-hole arrays OSTEMER membrane. 
 
 
Figure 26. (a) Characterization of the thickness of liquid films with varying ratios of hexadecane to 
non-polar organic solvents ranging from 1:6 to 1:35. (b) The thickness and durability of liquid films 
when different ratios of hexadecane and hexane are injected. Error bars represent the standard deviation 




Figure 27. Characterization of the durability of patterned liquid films using non-polar organic solvents. 
(a) The thickness and durability of liquid films when different ratios of hexadecane and toluene are 
injected. (b) The thickness and durability of liquid films when different ratios of hexadecane and octane 
are injected. Error bars represent the standard deviation of the thickness of the 20 patterned liquid films. 
 
Figure 28. Oil films patterning on curved substrates and bending tests to demonstrate flexural strength. 
(a) Real image of a device patterned with oil films on a curved substrate. (b) An image of curved oil 
films patterned on a substrate with a curvature of 0.14 𝑚𝑚 . (c) An image of patterned oil films on a 
flat substrate after repeated bending 100 times with a radius of curvature of 3 mm. 
 
5.3 Patterning of liquid films in various arrays of microfluidic devices 
The through-hole and post arrays used as the main in the experiments so far are hexagonal in which 
one hole and six posts form an array, with a height of 25 μm, a post diameter of 15 μm, and a hole 
diameter of 30 μm. This structure has been used for the characterization of major experiments so far as 
it has stable parameters for liquid film formation upon solution injection. In figure 29, characterization 
of through-hole and post arrays with different shapes and different parameters was also attempted. Until 
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now, hexagonal arrays have been used, but liquid films can be formed even in a rectangular array 
consisting of 1 hole and 4 posts. The main parameters that makeup through-hole and post arrays that 
influence the formation of liquid films are the shape of the arrays, the height of the post (hp), the 
diameter of the post (dp), and the distance between posts (l). Here, in the process of forming liquid films, 
the foam that the air trapped in the hole pushes the liquid outward was designated as an air cell. Figure 
29a shows the degree of liquid film formation defects when the solution is injected into a device with 
various parameters in square arrays. dp was set in the range of 50 to 80 μm, l was set in the range of 40 
to 60 μm, and the height of the post was fixed at 25 μm. When a device with l of 40 μm was used, when 
the solution was injected into the device with parameters for all the set posts, the defects in the formation 
of liquid films were nearly 0%. And when a device with l of 50 μm was used, the defects were about 
5% when dp was set to 80 μm, but when dp was set to 70 μm, the defects were about 30%. And when dp 
was set to 60 μm and 50 μm, the defects were nearly 100%. In the device with l set to 60 μm, when the 
solution was injected into the device with all the set post parameters, the defects in the formation of 
liquid films were nearly 100%. Analyzing this graph shows that in rectangular arrays, the closer the 
distance between posts, the lower the number of defects, and the smaller the post diameter, the higher 
the number of defects. In a device with rectangular arrays, the number of liquid films that a post must 
support is 4. However, in hexagonal arrays, 1 post only needs to support 3 liquid films, so structures 
with hexagonal arrays can form liquid films more stably. Figure 29b shows the degree of liquid film 
formation defects when the solution is injected into a device of hexagonal arrays with various 
parameters. dp was set in the range of 20-50 μm, l was set in the range of 30-50 μm, and the height of 
the post was fixed at 25 μm. When using a device with l of 30 μm, the defects were 0% when dp was 
set to 30-40 μm, but when dp was set to 20 μm, the defects were about 60%. Using a device with l of 40 
μm, defects were 0% when dp was set to 30-40 μm. However, when dp was set to 20 μm, the defects 
were almost 100 %. And when a device with l of 50 μm was used, 10% defects resulted when dp was 
set to 50 μm, and about 20% defects were obtained when dp was set to 40 μm. And when the device 
with dp set to 30 μm was used, more than 90% of defects resulted. What can be inferred from this result 
is that in hexagonal arrays, the closer the distance between posts, the lower the number of defects, and 




Figure 29. Characterization of defects in liquid films patterned by varying the parameters of through-
hole and post arrays. (a) In rectangular arrays, quantification of defects in liquid films in the range of 
40 to 60 μm for l and 50 to 80 μm for d. (b) In hexagonal arrays, defect quantification of liquid films in 
the range of 30 to 50 μm for l and 20 to 50 μm for d. (c) Images of liquid films formation when a 1:12 
ratio mixture of hexadecane and hexane is injected into square and hexagonal through-hole and post 
arrays. Error bars represent the standard deviation over the entire patterned area. 
 
5.4 Solidified films patterning with a high aspect ratio and durability using 
photoresist 
The method of forming solidified films is to use water and particles as in the previously mentioned 
literature. After injecting a mixture of water and particles into a microfluidic device, as the water 
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evaporates, the remaining particles are aligned between posts due to the strong surface tension of water, 
forming micro-/nano scale thin films. Water and particles were used to form solidified films, but 
photoresists and non-polar organic solvents were used instead to form solidified films (Figure 30). The 
materials used were SU-8 series negative photoresists and AZ series photoresists. The SU-8 series used 
in the experiment were SU-8 2005 and SU-8 2010, and these solutions were obtained from Kayaku 
Advanced Materials. And the AZ series used in the experiment were AZ GXR 601 (14 CP), AZ GXR 
601 (46 CP), AZ P4330, AZ 9260, AZ 5214, and AZ nLOF 2035, and these solutions were obtained 
from AZ Electronic Materials. First, the process of patterning using SU-8 was similar to that of forming 
liquid films using non-polar organic solvents. When selecting non-polar organic solvents in the previous 
section, there were several solutions such as hexane, octane, toluene, petroleum ether, ethyl ether, and 
pentane that could form liquid films while being mixed with hexadecane. However, when photoresists 
were used, toluene was the only solution that met the above conditions. Comparing the solids content 
of SU-8 photoresists, 2000.5 was 14.3%, 2002 was 20%, 2005 was 45%, 2007 was 52.5%, 2010 was 
58%, and 2015 was 63.45%. The higher the solids content, the stronger the stickiness, which is 
advantageous to form solidified films. However, a solution with a higher solid content than SU-8 2010 
had a handling problem because it was very sticky, and it was difficult to make a mixed solution with 
an accurate ratio. In addition, a solution with a lower solids content than SU-8 2005 was not suitable 
for forming desired hard films because of its lower viscosity. In this experiment, SU-8 2005 and SU-8 
2010 were selected and used to form solidified films. SU-8 negative photoresists and toluene were 
mixed in a 1:9 ratio and injected into the post-hole arrays membrane. Then, the toluene evaporated, and 
the air trapped in the hole pushed out the SU-8 negative photoresists, forming liquid films with an 
air/SU-8 photoresist/air interface. To induce complete evaporation of the residual toluene and hardening 
of the SU-8 negative photoresists, the membrane was placed in an 85 ℃ oven for 1 hour. After that, 
patterning was performed using AZ series photoresists as well, and the process was the same as that of 
patterning using SU-8 negative photoresists. AZ photoresists and toluene were mixed in a ratio of 1:9 
and injected into the post-hole arrays membrane. Then, the toluene evaporated, and the air trapped in 
the hole pushed out the AZ photoresists, forming liquid films with an air/AZ photoresist/air interface. 
To induce complete evaporation of the residual toluene and hardening of the AZ photoresists, the 
membrane was placed in an 85 °C oven for 1 hour. In AZ series photoresists, viscosity had a great 
influence on the degree to which solidified films were formed. Figure 30 shows that among the AZ 
series photoresists used, AZ P4330 and AZ 9260 have 127 cSt and 500 cSt, respectively, and patterning 
using these two photoresists was the most stable, and it was inferred that the factor was high viscosity. 
At the air/AZ photoresist/air interface, even when the air was in contact with each other, the films could 
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withstand without bursting due to the high viscosity of the photoresist, and the solidified films once 
formed remained in their state even after a few days. 
 
 









Figure 30. Patterning organic films with a high aspect ratio and durability using photoresist and toluene. 
(a) Images obtained by patterning solidified films using negative and positive photoresists. The toluene 
was completely evaporated by injecting a mixture of photoresist and toluene mixed in a ratio of 1:9 to 
the membrane and then placing it in an oven at 65 °C for 1 hour. Due to the high viscosity of the 
photoresist, sticky solidified films were patterned. (b) SEM images of the solidified films patterned with 




Chapter 6. Conclusion 
We successfully demonstrated that SMFTCEs with high conductivity and excellent durability can be 
fabricated in a high-throughput manner using TGF technology. This platform, which has through-holes 
and posts, induces evaporation of liquid and facilitates film formation, and it presents the potential to 
increase throughput by allowing the device to be fabricated at a large scale. SMFTCEs with high 
electrical properties were developed with TGF technology using AgNWs, and exhibited outstanding 
performance in durability, especially through bending tests. SMFTCEs based on the aligned AgNWs 
network exhibited a sheet resistance of up to 14 Ω/sq. It maintained a constant conductivity regardless 
of the curvature of the patterned substrates and proved to be an optoelectronic device in a network of 
well-aligned grids with a transmittance of 80-92%. Mechanical flexibility was demonstrated through 
bending tests, showing only 6-12% change in sheet resistance even after 10,000 bending cycles of 3 
mm curvature. Also, through the fabrication of PFTCEs using PEDOT:PSS showing similar trends to 
SMFTCEs in curved patterning or bending tests, the potential of application to various materials using 
TGF technology was also shown. In addition, to overcome the conventional method of patterning 
FTCEs based on water, liquid film patterns were also fabricated using oil and non-polar organic solvents. 
To secure the long-term stability of the liquid films, oil that hardly evaporated was injected, and non-
polar organic solvents were used to slightly induce evaporation of the oil. The durability of the liquid 
films in this work was demonstrated by not only being able to control the thickness of the liquid films 
by adjusting the ratio of organic solvents but also maintaining thin films with a thickness of fewer than 
1 μm for up to a day. The high flexural strength of liquid films produced by dissolving the oil in organic 
solvents was demonstrated, and if a conductive material is applied to liquid films, it is expected to 
exhibit higher electrical properties than solid conductive grids due to its high aspect ratio. For highly 
efficient FTCEs, conductive grids patterned in simple steps not only exhibit high transmittance, 
conductivity, and flexural rigidity but also demonstrate through patterning of various solutions, 
broadening a new field of view for next-generation functional optoelectronics. In this context, the direct 
patterning of various materials based on TGF technology can be fabricated with high repeatability in a 
facile, cost-effective, and high-throughput manner. By replacing the previous ITO-based electrodes, it 
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